sulfuric acid, 21 catechol, 22 trifluoroacetic acid, 22 33 (L)-tartaric acid, 34 cobalt complex, 35 (-)-N-dodecyl-N-methyl ephedrenium salt, 36 lanthanoid complexes, 37 Cu
2+
-clay/(S)-proline, 38 a chiral surfactant, 39 and 3,4,5-trifluorophenylboronic acid. 40 Nevertheless, research in this field is still very active even now. 14 We report herein that carboxylic acids, esters, acid chlorides, amides and nitriles can be reduced directly to the corresponding alcohols or amines using NaBH4/BF3·Et2O in THF.
In continuation of our studies on the reactivity of sodium borohydride toward carboxylic acid derivatives, we found that reduction of benzoic acid by NaBH4/BF3·Et2O in THF afforded benzyl alcohol in excellent yield. According to the literature, 3 treatment of sodium borohydride with boron trifluoride etherate afford borane. Although borane is a good reducing agent, it has some drawbacks, such as low boiling points, low spontaneous ignition temperature and toxicity. Thus, NaBH4/BF3·Et3O system is a useful borane source. Pettit, et al. 41 also reported the reduction of tert-butyl 5α-pregnane-20S-carboxylate to 20S-tert-butoxymethylene-5α-pregnane using this system. Since the reduction of carboxylic acid derivatives, however, by this binary system NaBH4/BF3·Et2O has not been reported, a systematic examination of its scope as a reducing agent using a variety of carboxylic acid derivatives was deemed warranted. The results are summarized in Table 1 .
In a typical procedure, BF 3 ·Et 2 O in THF is added slowly to a THF solution of substrate and NaBH 4 , and then heated to reflux with stirring until the substrate disappears. After cooling to 0 ºC, the reaction is carefully quenched with water and the product is isolated by organic solvent extraction. The carboxylic acids (entries 1-9), esters (entries 11 and 12) and an acid chloride (entry 13) all furnished the corresponding alcohols in excellent yields. In contrast, reduction of muchochloric acid (entry 10) gave rise to 2,3-dichloro-5H-furan-2-one (87%) accompanied by a minor amount of 2,3-dichlorobuten-1,4-diol (7.4%). Although generally more difficult to reduce, amides (entries 14 and 15) and a nitrile (entry 16) also efficiently evolved the expected amines. The reduction rates for the latter, however, were slower than the rates for carboxylic acids and carboxylate derivatives.
In conclusion, NaBH 4 /BF 3 ·Et 2 O is an inexpensive and highly versatile reducing system for a wide variety of carbonyls, acid chlorides, carboxylic acids, esters, amides and nitriles.
Experimental Section
General Remarks. TLC was performed on SiO 2 (silica gel 60 F254, Merck). The spots were located by UV light. Column chromatography was carried out on SiO2 (silica gel 60, 70-230 mesh). Melting points were determined with a Thomas-Hoover capillary apparatus and were uncorrected. General Procedure: Reduction of Carboxylic acids and Carboxylate Derivatives. A solution of BF3·Et2O (0.0065 mmol) in THF (15 mL) was added slowly to a room temperature solution of NaBH4 (0.015 mmol) and carboxylic acids or carboxylate derivatives (0.01 mmol) in THF (25 mL) under an inert atmosphere. The mixture was heated to reflux until TLC monitoring showed complete consumption of the substrate. The reaction mixture was cooled to 0 ºC, quenched with water (caution: vigorous gas evolution) keeping the temperature = 10 ºC. After 10 min, the THF was removed under reduced pressure, CH 2 Cl 2 (or Et 2 O) was added, and the stirring was continued for another 1 h. The organic layer was separated, washed with brine, dried over MgSO 4 , and the solvent was removed under reduced pressure. Purification of the residue by SiO 2 chromatography gave pure alcohol in the indicated yield (Table 1) . 4 (0.015 mmol) and amide or nitrile (0.01 mmol) in THF (25 mL) under an inert atmosphere. The mixture was heated to reflux until TLC monitoring showed complete consumption of the substrate. The reaction mixture was cooled to 0 ºC, quenched with water (caution: vigorous gas evolution) keeping the temperature ≤ 10 ºC. After 10 min, the THF was removed under reduced pressure, CH 2 Cl 2 (or Et 2 O) was added, and the stirring was continued for another 1 h. The organic layer was separated, washed with brine, dried over MgSO 4 , and the solvent was removed under reduced pressure. Purification of the residue by SiO 2 chromatography provided the amine as a borane complex. This was dissolved in water (30 mL) to which a 30% aqueous solution of NaOH (5 mL) was added. After stirring for 10 minutes, H 2 O 2 (30%, 5 mL) was added and the stirring was continued for another 2 h at room temperature. The reaction mixture was extracted with EtOAc and the combined organic extracts were dried over MgSO 4 and the solvent was removed under reduced pressure. Purification of the residue by SiO 2 chromatography gave pure amine in the indicated yield (Table 1) 
